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THE CBA mouse leukaemia used in the present experiments was described
previously (Hewitt, 1958). Evidence was then presented to show that the CBA
host mice to which the leukaemia was transplaiited exhibited no detectable
immunological reactivity to the leukaemia cells. This host-tumour system
therefore provides an ideal model for the examination of certain radiobiological
concepts pertinent to the radiotherapy of autologous tumours. The annals
of clinical radiotherapy are in themselves sufficient evidence that no immuno-
logical resistance against autologous tumours in the human host can be relied
upon to destroy viable malignant cells that have withstood the best endeavours
of the radiotherapist, and it cannot be too strongly emphasised that animal
host-tumour systems used to provide data relevant to clinical radiotherapy should
be free from complicating immunological factors. Scott (1958) and Klein (1959)
have reviewed some of the complexities and fallacies that have often confused
the interpretation of radiobiological data obtained from experiments in which
immunologically reactive hosts were used to detect viable malignant cells that
have survived irradiation.
Using the CBA leukaemia host-tumour system referred to, Hewitt and Wilsoii
(19-59a) determined a radiation survival curve for the leukaemia cells irradiated
in vivo. A linearrelationship between dose ofradiation and log survival rate was
demonstrated up to the maximum dose of radiation used-2000 r of 60CO gamma
rays (corresponding to a survival rate of about 1/10-5). The slope of the curve
indicated a mean lethal dose of radiation (DO) of 165 r. Later evidence (Hewitt
and Wilson, 1959b) showed that the leukaemia cells infiltrating the livers of
advanced leukaemic mice breathing air had a radiosensitivity compatible with
their having been in a moderately well-oxygenated environment at the time of
irradiation ; when irradiated under anoxic conditions, the cells were shown to be
more radioresistant by a factor ofapproximately 2-3.
It will be appreciated that the survival curve data can be used to calculate
the minimum dose of radiation theoretically required to
" cure
" mice bearing
leukaemia cell populations of known size, provided that these cells have the
same radiosensitivity as the cells irradiated in the survival curve experiments.
The present experiments were designed to test directly our ability to predict
6 9 cure
. . rates in this way, and to explore such factors as might be expected to
disqualify the simple application of the survival curve envisaged.187 IRRADIATION OF MOUSE LEUKAEMIA
INIATERIALS AND METHODS
Mice.-CBA mice of either sex bred in this laboratory by sib-mating were
used exclusively; the mice were 2-4 months old when used for experiment.
Leuk-aeniia.-This was a lymphocytic type of leukaemia which arose spoii-
taneously in a male mouse of the CBA colony which provided all the mice used
in the experiments. The leukaemia was in its 74th to 108th serial passage when
iised in the present experimeiits. A detailed account of the characteristics of the
leukaemia, and of a transplantation bio-assay method for determining the mean
iiumber of morphologically intact leukaemia cells required to convey leukaemia
to half a group ofinjected mice (the TD50), was given previously (Hewitt, 1958).
An average TD50 of 2 cells was obtaii-ied in a series of 6 such assays of cells from
untreated leukaemic mice.
Irradiation.-For the whole-body irradiation of groups of mice, these were
exposed in a
" Perspex
" box to 60CO gamma radiation delivered via a single
field in a sii-igle dose uniform to ± 5 per cent over a period of 16 hours. The
irradiated mice received 1-0-1-5 x 106 nucleated isologous boiie marrow cells
intravenously within 2 hours of the end of irradiation.
" Radiation-killed cells
" consisted of freshly-prepared single-cell suspensions
of leukaemia cells in 5 per cent CBA mouse serum in Tyrode solution (density,
8 X 106 cells/ml.) which had been exposed immediately before use to a total
uniform dose of 6000 r 60CO gamma radiation delivered over aperiod of 24 minutes.
The absence of viable leukaemia cells from the suspension was proved by the
injection of aliquots into highly susceptible mice, all of which failed to develop
leukaemia.
EXPERIINIENTS AND RESULTS
The effect of radiation-k-illed cells on the growth of viable leukaemia cells
To measure survival ratios among cells irradiated in vivo, as was done for
determination of the survival curve already referred to (Hewitt aiid Wilson,
1959a), single-cellsuspensions ofleukaemia cells wereprepared from the iiifiltrated
livers of leukaemic mice withii-i 30 minutes of their exposure to whole-body
irradiation, and these were injected intraperitoneally into groups of normal mice.
It is clear that adequate interpretation of the survival curve determined from
such data requires information concerniiig the possible influence of the radiation-
killed cells on theability ofthe residual viable cells to convey leukaemia. Such an
influence has been described previously for other tumour-host systems (Re've'sz,
If)58).
ln the present case, an inhibitory influence of the radiation-killed cells would
lead to overestimatioi-i of the proportion of leukaemia cells deprived of their
reproductive integrity by the radiation. The existence of such an influence
was sought in the following experiment : a counted single-cell suspension of
leukaemia cells from an untreated leukaemic mouse was assayed by the intra-
peritoneal ii-ijection of selected dilutioi-is of the suspension into groups of 5 or 6
normal mice ; the assay was performed identically in two parallel series of mice;
immediately after injection of the viable cells, each mouse of one series was given
a further intraperitoneal injection, of 0- I ml. of serum-Tyrode medium; each
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800,000 radiation-killed leukaemia cells ; the injected mice were observed for two
months (a period twice as long as the longest latent period observed for the
development of leukaemia following the injection of minimal numbers of viable
cells) and the incidence of leukaemia in each injected group of each series was
recorded. The TD50 value for each series was calculated from the mortality
data by the method of Reed and Muench (1938). The results of the experiment
are recorded in Table 1, from which it will be seen that the TD50 values for the
TABLEI.-A88ay of Viable Leukaemia Ce118 (a) Injected Alone
(b) Injected with Preponderence of Radiation-killed Cell-S
Incidence of leukaemia
Mean dose of Ratio of viable to r
viable cells killed cells (b) (a) (b)
125 I: 64 x 102 6/6 5/6
12
- 5 I : 64 x103 5/6 5/6
1- 25 I: 64 x 104 0/5 3/5
0- 125 I: 64 x 105 0/6 0/6
TD50: 5 cells I 9 cells
two series were not significantly different from one another or from the average
figure (2-0) obtained for a previous series of assays in normal mice. It may be
added that no significant difference of survival times of the mice was observed
for corresponding groups of the two series.
It is concluded from this experiment that a preponderance of radiation-killed
cells, intimately mixed with the viable cells, does not influence the capacity of the
latter to reproduce the full disease in mice to which they are transplanted. Six
mice which received 1-6 x 106 radiation-killed cells failed to develop leukaemia
after prolonged observation.
A-s-say of leukaemia cell-s in whole-body irradiated mice
When leukaemia cells are irradiated in vivo by whole-body irradiation of
leukaemic mice, and the treated mice are retained, it is conceivable that, in addi-
tion to those cells which lose their reproductive integrity by a direct action of
radiation, others may do so later, as the result of indirect cytotoxic influences
resulting from relatively persistent constitutional changes induced in the host by
the whole-body irradiation. If such an indirect influence is active, the survival
ratios determined among the cells removed from the mouse very soon after irradia-
tion would fail to indicate the totaldamage to the malignant cell population which
would ensue among cells allowed to remain in the irradiated host. In these
circumstances, survival curves determined as previously described (Hewitt and
Wilson, 19,59a), in which a sample of the irradiated cell population was removed
from the leukaemic mouse almost immediately after irradiation, would provide
an unduly pessimistic estimate of the dosage requirements for successful radio-
therapy. Thefollowingexperiment was designed to reveal any inimical influence,
capable ofdestroying viable leukaemia cells, which might be active in whole-body
irradiated mice.
A suspension ofviable leukaemia cells was assayed in a control series of normal
mice and, in parallel, in an equivalent series of mice which had received 2000 r
whole-body 60CO gamma radiation followedby intravenousisologous bone marrow.
The assay was performed less than 6 hours after exposure of the irradiated mice189 IRRADIATION OF MOUSE LEUKAEMIA
TABLEII.-As8ay of Leukaemia Cell8 in Normal Mice
and in Whole-body Irradiated Mice
lncidence of leukaemia
Mean number viable r-
cells injected In normal mice In irradiated mice
1000 5/5 4/4
100 5/5 5/5
10 2/4 3/5
1 1/4 1/5
TD50: 5 6 cells 4 6 cells
had been completed. The results of the two assays, given in Table 11, showed
that there is no significant difference between the TD50 values obtained in the
normal and irradiated mice. Also there was no significant difference in the
survival times of mice in corresponding groups of the two series. It is clear that
no very persistent constitutional changes are present in the irradiated mice which
interfere with the reproductive capacity of cells which have survived the direct
lethal effects ofradiation. Thesefindings support thehypothesis that the survival
curve data can be used to predict dosage requirements for the successful radio-
therapy of mice harbouring malignant cell populations of known size.
Do,se of whole-body radiation required to
" cure
" mice bearing known number's of
leukaemia ce118
Groups of 7 CBA male mice were injected intraperitoneally with dilutions of a
single-cell suspension of leukaemia cells prepared from an untreated leukaemic
mouse. The mean dose of morphologically intact leukaemia cells per mouse for
each group is shown in the first column of Table 111. Within one hour of injec-
TABLE III.-Ob8erved and Expected Incidence8 of Leukaemia in Group-s of Mice
Bearing Known Mean Number,3 of Leukaemia Cell8 at Time of Expo,sure to
1600 r 6OCo Gamma Radiation
Mean number of cells Expected
Mean nurnber of expected to survive leukaemia Observed
leukaemia cells in mice after incidence leukaemia
injected irradiation (per cent) incidence
1. I X 106 110 100 6/6 (100%)
1.1 X 105 11 86 6/7 (86%)
1. I X 104 1.1 34 1/7 (14%)
1-1 X 103 0.11 10 0/7 (0%)
1. I X 102 0.011 0 0/7 (0%)
tion, all the potentially leukaemic mice were exposed to 1600 r whole-body 60co
gamma radiation delivered in a single uniform dose over a period of 16 hours.
Within a few hours of the end of irradiation each mouse received intravenously
approximatelylo6isologous nucleated marrow cells. The mice were then retained
for observation for a period of at least 4 months, during which time all deaths
among the mice were investigated by post-mortem examination.
One mouse injected with the hikhest cell dose was eliminated from the results
because it died early of the effects of radiation. All the other deaths were due to
widespread infiltration of viscera with leukaemia cells, indicating that the dose7.
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ofwhole-body radiation had failed to eliminate the total population ofleukaemia
cells present in such mice at the start of irradiation. The incidence ofleukaemia
deaths in each group is recorded in the last column of Table III. The details
given in the 2nd and 3rd columns of Table III were derived from previous data as
follows. From the survival curve for the leukaemia cells irracliated in vivo
(Hewitt andWilson, 1959a), which isreproduced inFig. 1, it is seen that a dose of
1600 r 6OCO gammaradiationgave a survival ratio of IO -4 ; thatis, only I/IO,000 of
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FIG. I.-Survival curve for CBA mouse leukaemia cells irradiated in vivo.
the irradiated leukaemia cells retained theirreproductive integrity after exposure
to that dose ofradiation. Thefigures in the 2nd column ofTable III are the mean
numbers of leukaemia cells per mouse expected to retain their reproductive integrity after irradiation, calculated by dividing the mean dose of cells injected into the mice before irradiation (Ist column) by 10,000. The expected per-
centage leukaemia incidence (3rd column) was obtained from a curve relating
mean dose of unirradiated leukaemia cells and the percentage of mice developing leukaemia. This curve, Fig. 2, was constructed from data of quantitative trans-
plantation experiments reported previously (Hewitt, 1958). Thus, the expected incidences recorded in the 3rd column are thos'e that would be obtained ifthe mean
numbers of reproductively intact cells remaining in the mice after exposure to
1600 r radiation were in accordance with the survival curve. Inspite ofthe small191 IRRADIATION OF MOUSE LEUKAEMIA
numbers of mice used, it is seen that there is a remarkably good correlation
between the expected incidence of leukaemia and the incidences observed in the
present radiotherapy experiment.
The points superimposed on the curve (Fig. 2) are entered in accordance with
the observed leukaemia incidences (column 4 of Table 111) and the calculated
mean surviving viable cell numbers (columii 2 of Table 111) fcr each irradiated
group of mice. The departures of the points from the curve are well within the
FIG. 2.-Relationship between number of CBA leukaemia cells injected intraperitoneally and
proportion ofinjected mice developing leukaemia. The superimposed points relate to data
given in Table 11I.
experimental error attributable to the assay method used. It is concluded that
the survival curve has accurately predicted the results of radiotherapy although the survival curve data used were obtained for leukaemia cells irradiated in a
quite different environment (the infiltrated livers offully leukaemic mice).
DISCUSSION
The survival curve for CBA leukaemia cells irradiated in vivo (Hewitt and
Wilson, 1959a) was originally determined in the course of attempts to explain
our failure to cure leukaemic mice at an early stage of the transplanted disease
by their exposure to 60CO gamma whole-body radiation in doses up to 2400 r
followed by treatment with isologous bone marrow. This failure contrasted with
the successful treatment of a similar leukaemia by Barnes, Corp, Loutit and Neal
(1956) using a method which we had duplicated in our own attempts. A192 H. B. HEWITT AND C. W. WILSON
consideration of our survival curve in respect of the total leukaemia cell popula-
tion estimated to be present in our mice at the time they received experimeiital
radiotherapy revealed that the largest dose of radiation we used was not theoreti-
cally sufficient to
" sterilise
" a leukaemia cell population of that size. This
findingsuggested that the survival curve might be used to predict quite accurately
the chance of a given dose of radiation being able to
" cure
" mice bearing an
accurately measured number of leukaemia cells at the time of irradiation. We
appreciated, however, that such simple application of the survival curve data as
we envisaged could prove to be invalid on account of certain differences between
the conditions in the radiotherapy experiments and in the survival curve experi-
ments. These differences will be discussed further.
In the radiotherapy experiment the mice were exposed to whole-body irradia-
tion for 16 hours at a dose rate of 1-7 r/min. : in the survival curve experiments,
they were exposed to irradiation delivered in less than 30 minutes at 70-80 r/min.
There is no reason to believe that such a dose-rate difference would result in
different survival ratios for the exposed leukaemia cells. On the other hand, it
is conceivable that in the longer exposure time some further division of the cells
might ensueduring the earlierphases ofexposure. The total number ofleukaemia
cells to be
" killed
" would then be greater than the number of cells in a mouse
at the commencement of exposure. The possible error, however, is quite insig-
nificant, since interruption of mitosis would be expected to occur after the cells
had received the first few hundred roentgens of the total dose. Moreover, even
uninhibited growth of the cells during 16 hours would not be expected to result
in much more than a 2-fold increase in the number of cells (Hewitt and Wilson,
19,59a).
In the survival curve experiments, the cells which had retained theirreproduc-
tive integrity after irradiation were immediately removed from the irradiat--d
host and transplanted to normal hosts ; they were not, therefore, exposed to
possible inimical influences persisting in the constitution of the irradiated host
after irradiation. In the therapy experiments however, cells surviving the direct
action of radiation could have been exposed to indirect effects induced in the
treated hosts by the radiation. No evidence for such a persistent indirect
influence was demonstrated in an experiment specifically designed to reveal it.
In the survival curve experiments, the survival ratios were determined among
cells infiltrating the fivers of mice with advanced leukaemia at the time of irradia-
tion. In the radiotherapy experiments the cells were in the peritoneal cavity of
otherwise normal mice during irradiation. Since the radiosensitivity of the cells
heavily infiltrating the liver was shown to be compatible with their being in a
moderately well oxygenated environment during irradiation (Hewitt and Wilson,
1959b) it is considered that cells dispersed in a small volume of fluid in the peri-
tonea] cavity are in an environment equally well oxygenated. The environmental
oxygen tension, it may be mentioned, is the only extrinsic physiological factor
kiiown to influence the radiosensitivity of the cells. In the light of present
knowledge, therefore, there is no reason to suspect that the site difference would
be associated with a difference ofradioseiisitivity expressed in terms of the mean
lethal dose of radiation for the cells.
Thus, experimental enquiry failed to reveal any factor which would invalidate
use of the survival curve to predict the results ofradiotherapy of leukaemic mice,
aiid simple application of the survival curve in this way showed that, in practice,193 IRRADIATION OF MOUSE LEUKAEMIA
prediction was as accurate as the statistics of the experiments allowed. It
appears that the rationale of the prediction procedure described would be applic-
able to any system in which the mean lethal dose of radiation for the effective
cells and the size of the malignant cell population were known. It is, therefore.
pertinent to discuss the implications of the findings reported here for other
tumour-host systems, especially human cancer.
Puck, Morkovin, Marcus and Cieciura (1957) have demonstrated that a variety
of malignant and non-malignant cell types of human origin, when irradiated in
vitro, give survival curves ofsimilarslope. It isprobable, therefore, that the mean
lethal dose of radiation for populations of human cells in equally well-oxygenated
environments may prove to be a species characteristic onlyinsignificantly affected
by cell type or by transformation of a cell type to the malignant state. Further-
more, when suitable adjustments are made to allow for RBE differences between
the qualities of radiation used in the human and murine experiments, it is clear
that no significant difference can be detected between the mean lethal doses of
radiation obtained for the human cell types irradiated in vitro and for a strain of
murine leukaemia cells irradiated in vivo (Morkovin and Feldman, 195.9, 1960 -1
Hewitt and Wilson, 1960). Gray and Hewitt (1959, unpublished) have recently
shown that the mean lethal dose of radiation for the murine leukaemia cells
irradiated under well-oxygenated conditions in vitro is not significantly different
from that previously obtained for the same leukaemia cells irradiated in vivo
in air-breathing leukaemic mice.
Thus, whilst it is desirable to obtain me,-,n lethal dose values for additional
mouse cell types irradiated under in vivo and in vitro conditions, there are already
strong indications that it might be well worthwhile to consider tumour dose
requirements for the "sterilisation
" of a wide variety of tumours, both in man
and the mouse, in terms of a single mean lethal radiation dose (approximately
130 r, 250 kv X-rays or its biological equivalent of other radiation).
Assuming a common mean lethal dose of radiation for most human tumour
cells, several further factors require close examination before this value can be
used to assess tumour lethal dose requirements : estimation of the total cell
population of the tumour and of the proportion that are
" effective
" in the sense
that they can potentially form the basis of a recurrence ; estimation of the
proportion of
" effective
" cells under anoxic conditions at the time ofirradiation ;
and the possible effect of fractionation schedules on the theoretical tumour dose
requirement. In view ofthe very varied
"radiocurability
" of tumours it appears
that the question of oxygen tension in the cell environment may be of decisive
importance, and it is a merit of the proposed approach to the problem that the
importance of this question is emphasised. It may be added that some of the
known effects of fractionation of dose in the treatment of tumours may, in the
event, really be due to changes in the local tissue oxygen tension brought by the
reactions of the tumour bed to radiation. The intrinsic growth rate of a tumour
would be expected to have a very considerable influence on the gross response of a
tumour to radiation and on the length of interval between unsuccessful treatment
and recurrence. It would not, however, be expected to affect the theoretical lethal
tumour dose requirement, since survival curve data do not support the concept
of variation of cell radiosensitivity with mitotic phase. It is clear that many of
these factors would require histological examination of tumour architecture and
composition by an observer specifically orientated to these special considerations194 H. B. HEWITT AND C. W. WILSON
and not merely to assessment of the behaviour tendencies of the tumour derived
from its histological pattern in relation to past experience. We believe that
study of existing well-documented cases of radiotherapy along the lines just
indicated could usefully be undertaken with the object of seeing whether the
results can be adequately explained in terms of survivai curve data using the
mean lethal dose of radiation referred to.
SUEMMARY
A survival curve for CBA mouse leukaemia cells irradiated in vivo in mice of
the substrain of origin was described previously (Hewitt and Wilson, 1959a).
Further experiments are here described which were undertaken with the object
of examining various factors which could affect proper interpretation of that
survival cure. A bioassay method was employed to show that: a heavy pre-
ponderence of admixed radiation-killed leukaemia cells did not influence the
ability of small inocula of viable cells to give rise to leukaemia after transplanta-
tion preliminary whole-body irradiation did not influence the resistance of
host mice to subsequent small inocula of viable leukaemia cells. Groups of mice
bearing known numbers of viable leukaemia cells were exposed to 1600 r whole-
body radiation and treated with intravenous isologous bone marrow. The
proportion of mice in each group which were thereby " cured " of leukaemia
was strictly in accordance with prediction from the original survival curve data.
This last experiment is deemed to exemplify a generally applicable thesis for the
radiotherapy of malignant tumours in autologous or truly isologous systems:
that the curative dose of radiation for malignant cell populations of known size
irradiated in vivo can be prescribed from relevant survival curve data. The
further problems likely to be encountered in such applications of survival curve
data are discussed.
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